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The aim of this review was to identify and appraise the current international evidence of associationsbetween
concentrationsof polybrominateddiphenylethers (PBDEs) in humans and their indoor dusts and food. We sys-
tematicallysearched Medline,Embase, Web of Science and Scopus (up toJan 2015), using acomprehensivelist of
keywords, for English-languagestudies published in peer-reviewedjournals. We extracted informationon study
design, quality, participants,sample collection methods, adjustmentsfor potential confoundersand correlations
between PBDE concentrationsin internal and external matrices.Of 131 potential articles, 17 studiesmet the in-

ggjv;ords. clusioncriteriaand were includedin the narrativesynthesis. We concluded that three key factorsinfluencedcor-
Dust relations between external and internal PBDE exposure; half-life of individual congeners in the human body;
Diet proximity and interaction between PBDE source and study subject; and time of study relative to phase out of
Exposurepathways PBDE technical products. Internal dose of Penta-BDE technical mix congeners generally correlated strongly
Body burden with dust. The exception was BDE-153 which is known to have higher persistence in human tissues. Despite
gﬂea\‘,ticef\‘,ved the low bioaccessibility and short half-life of BDE-209, its high loading in dusts gave strong correlations with

body burden where measured. Correlations between PBDE concentrations in duplicate diet and body burden
were not apparentfrom the includedstudies. Whetherdust or diet isthe primaryexposuresource for an individ-
ual is tied to the loading of PBDE in dust or food items and the amountsingested. Simple recommendationssuch
as more frequent hand washing may reduce PBDE body burden.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Polybrominated diphenyl ethers (PBDEs) are a class of brominated
flame retardant, which have been widely used to meet fire safety regu-
lations for fabrics, furnishings, electronicsand vehiclessince the 1970s.
PBDEs are additive flame retardants, meaning that they are mixed into
plastics or foam without forming chemical bonds. Fabrics and textiles
can also be treated with PBDE commercial mixturesto provide protec-
tion. During the lifetime of products, PBDEs can leach out, thus becom-
ing ubiquitousin indoor air and dust (Harrad et al., 2010). From there
they migrate further into the wider environment and biocaccumulate
through food chains (Harrad and Diamond, 2006). The human body
burden of PBDEs increased dramatically from the 1970s until the
1990s (Frederiksen et al., 2009b; Hites, 2004, Meironyte et al., 1999)
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reflecting both wide use and persistence of these lipophilic chemicals.
It is likely that regulations restricting PBDE use, e.g. Directives 2002/
95/ECand 2003/11/ECand EC Designation 2008/C116/4,have been in-
strumental in reducing human exposure (Frederiksen et al,, 2009b).
However, the effects of such measures are slow to impact on levels
found as contaminants in human tissue. Furthermore, recovery and
recycling of electronics, particularly where unregulated in developing
countries, is an additional new source of exposure (Athanasiadou
etal,2008; lonasetal, 2014; Labunskaet al, 2014; Liu et al,, 2008). Po-
tentialadverse human health effectsof PBDEexposureand body burden
are well documented and include reproductive toxicity, neurotoxicity,
endocrine activity, DNA damage and immune effects (EFSA, 2011; Kim
etal, 2014; Linareset al, 2015, Lyche et al,, 2015; US-EPA, 2010). The
bioaccessibility of ingested PBDEs has been estimated to be 32-60%for
tri- to hepta-BDEs, and 14-25% for deca-BDE (Abdallah et al., 2012;
Fang and Stapleton, 2014). PBDE bioaccessibility generally decreases
with increasing octanol-waterpartitioningcoefficient (Log K,y ) a mea-
sure of relative solubility in lipid and water (Abdaliah et al,, 2012; Fang
and Stapleton, 2014). It is widely accepted that PBDEs can have
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substantial half-livesin humans.Thereisa general trend of shorter half-
livesfor the higher brominatedcompounds, with estimatesof residence
time for BDE-209 of just a few days, and for main congenersofthe tech-
nical Penta-BDE mixture (i.e. BDE-47, -99, -100) around two to four
years (Geyer et al., 2004; Thuresson et al,, 2006). Over the last few
years, a number of studies have investigated matched internal and ex-
ternal PBDE exposure. A thorough review of such studies may reveal
common patterns, which may generate recommendationsfor reducing
exposure and identify future research needs. This new evidence will
help to determine whether external exposure measurements can be
used as indicators of human internal PBDE exposure. The aims of this
systematic review were: (1) to identify, appraise and summarise the
current international literature on the association between PBDE con-
centrations measured in food items and indoor dusts with human
body burdens; and (2) to determine the relative contributions made
by indoor dust ingestion and dietary exposure to PBDE body burden
for general non-occupationalhuman exposure.

2. Methods
2.1. Literaturesearch and selection criteria

The process of this review followed the guidance for conductingsys-
tematic reviews from the Centre for Reviews and Dissemination (CRD,
2008) and ‘Preferred Reporting Items for Systematic Reviews guide-
lines (Moher et al., 2009). Papers were identified through searches of
the environmentaland medical literature databases (Medline, Embase,
Web of Science, Scopus) using relevant terms for PBDESs, internal dose,
external exposure and matched exposure. The Boolean operators
‘AND’ and ‘OR’ were used to combine topic areas; ie. ($bde OR pbde
OR pbdes OR (polybrominated and (‘diphenyl’ de OR diphenyl) and
(‘ethers’ de OR ethers))) AND (serum$ OR plasma$ OR blood$ or
miik$ OR internal OR body burden$ OR exposure$) AND (diet$ OR
food$ OR dust$ OR air$ OR indoor$ OR environment$ OR exposure$
OR factor$ OR lifestyle$ OR source$ OR behav$) AND (match$ OR
pair$ OR relation$ OR association$ OR evidence$ OR predict$). A com-
prehensive description of the search strategy is available in Si1. Refer-
ence lists of the identified published studies were also scanned and
experts in the field were consulted.

Studies were included if they met the following inclusion criteria:
a) explored correlations in PBDE concentrations between paired
human internal dose (serum or milk) and indoor house dust, and/or
correlationsbetween paired human internal dose (serum or milk) and
diet,b) were publishedin the English language,c) were full original pa-
pers which were published in a peer-reviewedjournal available either
on-line or from the British Library. Databases were searched for papers
published between 1974 to January 2015. There were no limits on the
year of publication (up untildan 2015) or the age of study participants.
Studieswere notincludedif the dustexposure measurementwaspure-
ly occupational or from a hobby.

One reviewer (LB) scanned through all abstractsafter the initial arti-
cle selection and excluded only obvious non-eligible studies. A second
reviewer scanned titles and abstracts of a 15%sample of the identified
studies and confirmed decisions on inclusion. A sample of the papers
that met the inclusioncriteria (20%) were formally reviewed by two in-
dependent reviewers using a data extraction form modified from
Glinianaia et al. (Glinianaiaet al.,, 2004). Data extracted included infor-
mation on study design,sample descriptorsand collection methods,an-
alytical and statistical methods, confounders and correlations.
Concentrations of PBDE in human serum or milk (lipid weight) were
used to indicate internal dose. Concentrations of PBDE in indoor dusts
or in duplicate diets (per body weight) were used as the indicators of
exposure. The correlationscalculated for pairs of internal dose and ex-
posures were explored.

We present a narrative synthesis of the data, as a formal meta-analysis
was not possible given the heterogeneity of samples, particularly

differences in: a) fire prevention regulations and technical product
usage between countries (and between states in the USA); b) sample col-
lection methods; c) congeners analysed and reported; and d) analysis
and reporting of correlations between internal and external exposures.

2.2.Study quality

Thequality dataextraction form wasbased on that used by Roth and
Wilks (2014) and ‘Harmonizationof NeurodevelopmentalEnvironmen-
tal Epidemiology Studies’ (HONEES) criteria (Youngstromet al., 2011).
Quality assessmentevaluatedstudy design (descriptionof setting, loca-
tion, data collection dates, study size), study population and sampling
(eligibility criteria, recruitment methods, response rate, participant de-
scription, representation of population to whom results would be gen-
eralised), variables for adjustment (discussion of and accounting for
confoundersand bias), data measurement (methods of measurement,
quality controls, fit with literature)and outcome measurement (statis-
tical methods and description). Laboratory measurement quality con-
siderations included '°C internal standardisation coupled with GC-
HRMS measurement,and the successful use of regular procedure blanks
and reference materials. Studies were classified, regarding provision of
this information, as: yes (1), no or unclear (0), or partially (0.5). Based
on these criteria, three quality groups were formed: scores of 10-12
were rated high, 4-9 moderate and 0-3 low. When drawing conclu-
sions,studieswith a low quality score were given less weight. Through-
out the review process we referred to recommendations from
‘Strengtheningthe Reporting of ObservationalStudiesin Epidemioclogy
(STROBE) guidelines (von Elm et al., 2007).

3. Results

A flow diagram of numbers of articles identified by the literature
searches, screened, assessed for eligibility and included in the review,
with reasons for exclusion at each stage is presented in Fig. 1. Database
searcheselicited 408 articles. A titie and abstract review resulted in 131
original peer reviewed papers. The abstractsand, where necessary, full
articles were reviewed in detail resultingin furtherexclusions. Twenty-
three articles were included in the systematic review, concerning 17
studieswhich met our inclusioncriteriaand were included in the narra-
tive synthesis (Fig. 1). For six of these studies, key information was ex-
tracted from additional papers to those containing the correlation
analysis. The additional papersare referred to in Tables 1 and 2.

3.1. Participant characteristicsand study methods

A summary of study designs, participant characteristics, sampling
methods, adjustments for confounders and quality assessment for the
17 included studies is presented in Table 1. Seven of the studies took
place in Europe — predominantly Scandinavia and Northern Europe,
six studies took place in the USA, three took place in Australasia, and
one in South Central Asia. The specific countries where the studies
were conducted are included in Table 1. Only one study stated its de-
sign, this was a convenience cross-sectional sample, (Watkins et al,,
2012) so recruitment information was used to deduce design for the
otherstudieswhere possible.Samplesrecruited from a previousstudy's
cohortor by word-of-mouthappearedto be on the basisof convenience
(Coakieyetal, 2013; Imm et al, 2009, Sahlstromet al,, 2015; Stasinska
etal, 2014; Toms et al,, 2009; Whitehead et al,, 2015). Where partici-
pants were recruited because they were pregnant or were undergoing
medical treatment, the design appeared to be prospective
(Frederiksenet al,, 2010; Wu et al,, 2007). If recruitment was based on
specific businesses or accommodation, the studies were considered to
be retrospective (Ali et al., 2014; Roosenset al., 2009). Remaining stud-
ies were classed cross-sectional (Bjorkiund et al., 2012; Cequier et al,
2015; Frommeet al,, 2009; Johnson et al,, 2010; Stapletonet al,, 2012)
or of unclear design (Karlssonet al,, 2007).
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Fig. 1. PRISMA flow diagram of numbersof studiesidentified by the literaturesearches,screened, assessed for eligibilityand included in the review

Allstudieswere publishedfrom 2007 to 2015,and sampleswerecol-
lected between 2004 and 2012. Dates and details on participants’ gen-
der and ages, and sampling strategies for individual studies, are
provided in Table 1. Thirteen studies used blood as the internal dose
measure and four used breastmilk. All studies measured indoor dust,
twelvecollectedinformationon dietary habitsand two measureddupli-
cate diet samples. Nine of the studiesexclusivelysampled women. The
majority of studies involved women of reproductive age. Mixed male
and female studies generally had wider age ranges, except for one
study where subjects were students aged 20-25 years (Roosens et al,,
2009) and another of toddlers aged 12-36 months (Stapleton et al,
2012). Where human milk was used as the measure of internal dose,
participants were usually primiparous breastfeeding women

(Biorklundetal,, 2012; Coaklevetal, 2013; Wuetal,2007)butnotex-

clusively (Toms et al., 2009). Where reported, milk samples included
studies that ranged in duration from: (i) 14-21 days (Bjorkiund et al,,
2012); (ii) 2-8 weeks (Wu et al.,, 2007); and (iii) 2-11 months postpar-
tum (Toms et al, 2009).

There are no standard procedures for dust collection. The simplest
dust sampling method used was to take asample from a vacuum clean-
er dust bag (VCBD) from the home which was used for seven of the
studies. Where dusts were coliected directly by the researcher,different
areas and surfaces were sampled, sometimes including vehicles and

workplaces and different rooms separately (Ali et al., 2014; Watkins
etal,2012). These aimed to maximise the likelihood of detectingdiffer-
entials. Rooms were generally selected on the basis that it was the
room(s) that the participantspent most time in, for example, the child
or student's room (Roosens et al.,, 2009; Stapleton et al.,, 2012), the
main living area (Cequier et al, 2015), the most commonly used
rooms (Wu et al,, 2007) or the living room and bedroom combined
(Karlssonet al, 2007).

The two studies that included both dust and diet measurementses-
timated the proportion of internal dose attributable to each. Roosens
etal. (2009)comparedPBDEexposurefrom food intakeand dustinges-
tion using average and high dust ingestionrates from Jones-Otazoet al.
(2005). Fromme et al. (2009) used Lorber's simple one-compartment
toxicokinetic model (Lorber, 2008) with ingestion, inhalation, absorp-
tion bioavailability and half-life estimations. Studies investigating the
strength of different sources as predictors of body burden used multi-
variate regression models (Stapletonet al, 2012; Watkinset al.,, 2012).

3.2.Study findings
3.2.1. Major congenersreported in each matrix

Table 2 provides a summary of major congener concentrations for
each measured sample matrix reported. Figs. 2 and 3 provide an

EPA-HQ-2018-0008760045599



t Bramwellet al. / Environmentinternational92-93 (2016) 680-694 683
Table1
Summary of study designs, participantcharacteristics,samplingmethods, adjustmentsfor confoundersand quality assessment (presented in alphabetical order)

Study reference(s)  Country, data Study design, paired Matrices measured for dose and Additional information Adjustmentsmade  Quality
collection period, sample size and exposure assessment, timing of collected for confounders score
sample number, recruitment details collection
gender and age

1. Aliet al. (2014) Pakistan Recruited from clothing Blood (fasted), 7-8 mi collected, serum Age, gender, None Moderate
2011 stores (n = 15), university analysed, Dust swept from 4-8 m? of occupational history,

n = 61 rooms/office (n = 16)and fioor of store or university hostel details of electronics,
M&F electronics stores (n = 30) rooms/office, sieved b500 um foam chairs and date of
17-55 years Both samples collected within one last cleaning
month
2. Bjorklund et al. Sweden Primiparous, Swedish born, Milk collected 14-21 days postpartum, Age, height, weight None High
(2012) 2008 random selection from a 35 g extracted for analysis before pregnancy, birth
n =18 hospital birth registry, even Dust (house) VCBD and RCD (from main  weight of the child,
F distribution throughout living area) sieved b500 um, 10-174 mg  weight change during
- year extracted Both samples collected within  and after pregnancy,
one week education, smoking
and dietary habits
3. Cequier et al. Norway Mother child cohort Blood 10 mi collected, serum analysed Dietary habits, None Moderate
(2014a, 2015)% 2012 recruited through two Dust (house) from entire living room demographic
n =46 primary schools floor information and
F Timing not reported household factors
4. Coakley et al. New Zealand Primiparous mothers that  Milk average 250 mi collected, 2nd and Demographics and None Moderate
(2013) 2007-2010 had provided milk for 4th  3rd months postpartum household contents
n =33 WHOPOPS in mitksurvey  Dust (house) from 1—4 m? of floor in
F living room sitting area, vacuumed for
20-31 years 2-4 min
Dust (mattress)n = 16
Timing not reported
5. Frederiksen et al.  Denmark Underwent scheduled Blood collected during procedure, plasma Lifestyle and dietary None Moderate
(20098, 2010)%, 2007 caesarean section analysed habits information,
Vorkamp et al. n =51 Dust (house) VCBD collected beforeand  umbilical cord plasma
(2011) F after delivery, sieved b75 um + maternal and pooled mitk
- plasma (and umbilical cord plasma). Air  samples also analysed
and VCBD pre and post delivery
6. Frommeet al. Germany 34 households, 27 F (age Blood 30 g collected, serum analysed Sociodemographic None Moderate
(2007, 2008)* 2005 14-60 years) and 23 M Duplicate diet 7 days, 30 g extracted for  characteristics, living
n = 61 (age 15-56 years) with no  analysis conditions, building
M&F occupational exposure, Dust (house) VCBD, sieved b2 mm, 1g characteristics, possible
15-56 years part of INES study extracted and analysed sources of
Serum samples collected during the diet  contaminants, dietary
collection week habits®
7. lmmet al USA 38 households from Blood 15-20 mi collected XRF measurementsof  None Moderate
(2009)° 2008 existing cohort of Great Dust (house) VCBD, sieved b1 mm BRcontent of
n =44 t akes frequent and Dusts collected prior to blood sample individual items in the
M&F infrequent consumers of collection home, demographics,
43-77 years sport fish dietary habits, hobbies
with plastics, foam or
fabrics, work
environments
8. Johnson et al. USA 12 couples seeking fertility Blood 5 mi collected, serum analysed Demographics, dietary  None Moderate
(2010) 2007-8 treatment Dust (house) VCBD, sieved b 150 um, habits, home age,
n=24 Both samples collected on same day heating type, system
M&F used; hours of TV and
- computer use; primary
vehicle and hours of
use; boat use; hobbies
using plastic, foam, or
fabric; and work
environment
9. Karlsson et al. Sweden Non-occupationally Blood 10 mi collected, plasma analysed Number of electronic None tow
(2007)° - exposed sample living in Dust (house) tiving room and bedroom devices, living area size,
n=>5 same home 25 years floors and furniture, 1-2 g collected floor material
- Samples taken on same day
10. Roosens et al. Belgium 2007 Residents of Belgium since  Blood 10 mi collected plasmaanalysed Home location, None Moderate
(2008) n=19 childhood; living at the Duplicate diet 7 days furnishings,
M&F same college for 3 years Dust from students room fioor, 4 m? or electronics/electric
20-25 years bare floor vacuumed for 4 min, sieved appliances and lifestyle
b500 um, such as smoking and
Dust and bloods collected on fast day of  transportation
duplicate diet
11.Sahlstrom et al.  Sweden First time mothers with Blood collected, 0.5-5 gserum analysed  Dietary habits None Moderate
(2014, 2015) 2009-10 toddiers aged 11 months Dust (house) 1 m above the floor in the
n=20 already participating in living room, kitchen, bedroom and/or
F POPUP study hall-way

(continued on next page)
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Table 1 (continued)

Study reference(s)  Country, data Study design, paired Matrices measured for dose and Additional information Adjustments made  Quality
collection period, samplesize and exposure assessment, timing of collected for confounders score
sample number, recruitment details collection

gender and age

24-40 years Samples taken on same day
12 Stapleton et al. USA Children with no prior Blood 4 mi coliected, serum analysed Short questionnaire Children's sex, age High
(2012) 2009-10 diagnosis of thyroid Dust (house) entire floor-surface of room about the child and race, parents’
n=77 problems recruited via in which child spent most active time, parents' education education levels,
M&F paediatric clinic patient sieved b500 pm, collected during the levels, child's length of  duration of
12-36 months lists same visit (except nine bloods collected  time breastfed, breast-feeding, time
at clinic) ethnicity and time children spent away
Handwipes also collected during same away from home from home, dust
visit concentrations, and
handwipe levels
13. Stasinska et al. Australia Pregnant women (38 Blood 6 mi coliected, plasma analysed Demographics, None Moderate
(2013,2014) 2009-11 weeks gestation) from the  Dust (house) VCBD 20 g, home, sieved anthropogenics,
n=29 AMETS cross-sectional b600 um, occupationatl history,
F study Participants brought dust sample when medical history,
218 years attending clinic for blood sample smoking, home type
collection and age, number and
age of electronics,
dietary habits,
pregnancy, weight gain
and infant
anthropometrics
14. Tomset al. Australia2007-8  Breast-feeding mothers Mitk 100 mi collected between 2—11 Dietary habits, None Moderate
(2008)? n =10 (2-11 months postpartum) months postpartum demographics, house
F by word-of-mouth Dust (house) floor dust from one floor of ~ characteristics, daily
27-40 years house, sieved b2 mm time spent on
Most pairssampled within 1 month computer and in car
15. Watkins et al. USA Convenience & Blood 10 mi collected, serum analysed Dietary habits, personal None High
(2012) 2009 cross-sectional sample of Dusts (house & office) entire floor and habits, average hoursat
n =31 non-smoking, aduit surface area of main living area, bedroom work, vehicle use,
M&F workers, in good heaith, and office vacuumed 10 min, sieved b500 handwashing, dust
- spending 220 h/week inan ym from vehicles also
office Handwipes at work 260 min since last analysed
hand wash, all matrices collected in same
week, serums at end of work week
16. Whitehead et al.  USA Mothers of children aged Blood, serum analysed Demographics, Hispanic ethnicity, High
(2013,2015) 2006-7 0-7 years in CCLS study Dusts (house) VCBD, sieved b150 ym anthropometrics, country of origin,
n =48 Up to five months between paired dietary habits household annual
F sample collections (modified Block FFQ) income
- geographical,
residential, sources of
PBDE in the home
17. Wuet ab. (2007) USA First time mothers viaan Milk 50 mi collected between 2—-8 weeks Health, residential Muttiple regression  High
2004-5 obstetrics office and postpartum history, electronic used to adjust for
n=11 maternity centre, livingin  Dusts (house) researcher collected, products, foam potential
F same home 23 years surface area recorded, sieved b125 ymas furniture, confounding by
218 years soon after milk as was convenient for pre-pregnancy diet, dietary (meat, fish
participants (1-43 days) occupationatl history, and dairy) or
hobbies, home personal factors

renovation, and
transportation

For left censored data (valuesbelow LOD/LOQ/MLD ) in statisticalanalysisstudies 3,4, 6, 8, 15and 13 used LOQ™0.5, studies 2, 11 and 16 used LOQ/N2, studies 1 and 10 used LOQ ™ fraction
above LOD and studies5 and 7 used only valuesabove LOQ.
For correlation,studies 1,3, 5, 6, 7 and 8 used Spearman'srank correlationfor non-parametricdataand studies 2, 4,13, 15, 16 and 17 reportediogor in transformeddata to enable use of
Pearson'scorrelationfor normally distributed datasets.
For qualitycontrol studies1,2,3,4,11,13and 17 reported usingNISTSRM 2585 for indoor dust, study 10 used NISTSRM2584 for house dust,study 16 used NISTSRM for serum,studies5,
11and 12 took part in AMAPRing inter-faboratorytestsfor POPs in serum,study 17 took part in QUASIMEMEinter-laboratorytesting Studies2,3,4,5,6,7,8,10,11,12,15and 16reported
subtractingmethod blanks.Studies 1, 2,4, 5,6, 9, 10, 11, 12, 14, 16 and 17 reported using '°C labelled standard for BDE-209.
M: male.
F: female.
SRM: standardreference material.
NIST: National Institute of Standardsand Technology— US Departmentof Commerce.
RSD: relativestandard deviation.
POPUP: PersistentOrganicPollutantsin UppsalaPrimiparous.
AMETS: Australian Maternal Exposure to Toxic Substances.
CCLS: CatiforniaChildhoodLeukaemiaStudy.
Block food frequency: (Block et al., 1890).
AMAP: Artic Monitoringand Testing Programme.
QUASIMEME: Community of Practicefor MarineEnvironmentalMeasurements.
VCBD: Vacuum Cleaner Bag Dust.
RCD: ResearcherCollected Dust.
Additionalarticle references for Tables 1 & 2: Cequieret al. (2014a); Frederiksenet al. (2009a), Frommeet al. (2007);, Mannetjeet al. (2010); Sahistromet al. (2014); Stasinskaet al.
(2013); Whiteheadet al. (2013).
& Home air PBDE concentration was also sampled in six marked studies, but this is beyond the scope of this review and therefore not presented here.
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indicationof relative differencesbetween matricesand geographicalre-
gions. The four studies using human milk as a measure of internal dose
reported BDE-47 and BDE-153 to be the predominantPBDE congeners.
Their total concentrationsand proportionsvaried between EU, Austral-
asia and USA regions as might be expected based on varied national
usage of PBDE flame retardants. Two studies noted a proportion of par-
ticipants having higher BDE-153 than BDE-47 in milk; 20%in Australia
(Toms et al., 2009) and 3%in the USA (Wu et al., 2007). BDE-209 was
analysed in three of the studies, with detection rates of 24%in the USA
(Wuetal, 2007), 60%in Australia (Toms et al., 2009) and 97% in New
Zealand (Coakleyet al., 2013). Variationin methodsand improvements
in limits of detection for BDE-209 for these studies (0.1-1.0, 0.3 and
0.065 ng/g respectively)can be expected to have influenced detection
rates.

BDE-47 was the majorcongenerin blood (makingup 45-100%o0f the
total serum PBDE) in earlier studies (Karisson et al, 2007) and in the
USA and Australia where penta-BDE technical mix (e.g. DE-71) was
more heavily used and phased out more recently (imm et al,, 2008;
Johnson et al., 2010; Stapleton et al, 2012; Stasinska et al., 2014).
BDE-153 was the major congener in blood in Denmark, Germany and
Belgium (Frederiksen et al,, 2010; Fromme et al,, 2009; Roosens et al,,
2008) where penta- BDE use was lower than that in the USA and
penta- and octa-BDE were banned in 2004. These findings indicate
that regional PBDE regulationsand use patterns, time of study relative
to phase out of PBDE use and half-life of PBDE congenersare key factors
in predicting internal dose of differentcongeners.

BDE-209 was the predominantcongenerin dust for almost all stud-
ies. The next most abundant congeners in dust tended to be BDEs-99,
followed by -47 (Coakley et al., 2013; Fromme et al,, 2009; Johnson
etal, 2010; Karlsson et al,, 2007, Stasinskaet al., 2014). Differencesin
congener patterns were again noticeable between the USA and
Europe, indicatingthe importance of regional use patternsin predicting
exposure to PBDEs from dust. European studies demonstrated the
highestcongenerpercentagesof BDE-209in dust, with averagesreport-
ed around 70-90% (Bjorklundetal, 2012, Frommeetal, 2009; Karisson
et al, 2007; Roosens et al,, 2009). USAstudies had lower BDE-209 pro-
portions (0-60%) (Johnson et al., 2010; Wu et al,, 2007) and Australia
and New Zealand dust loadings appeared to be somewhere between
the USA and EU, with BDE-209 making up approximately 66% of the
PBDE total (Stasinskaet al,, 2014).

A small percentage of dust samples had greater 3 penta-BDEcon-
centrations in dust than BDE-209 concentrations (Frederiksen et al,,
2010; Johnson et al., 2010; Wu et al, 2007) indicating a particular
source within that indoor environment. Bjorklund et al. (2012) found
concentrationsof individual congeners were higher in samplescollect-
ed from 21 m above flooring vs VCBD (median 2-3 times), however it
is unclear whether this trend would be observed in other studies.

The majorcontributingPBDE congenersin the Belgian duplicatediet
study were BDE-47N-99N-153 (Roosenset al., 2009). Majorcongeners
in the German duplicate diets were different with a predominance of
BDEs-99,-183 then -47 (Fromme et al,, 2009).

3.3. Intermatrixcorrelations

Asummary of the correlationsbetween paired internaland external
exposure measurementsreportedin the 17 includedstudiesis provided
in Table 2. BDE-47 in dust and internal dose measurementsweresignif-
icantly correlated (p b 0.05) in seven of the studies (including three of
the four studies using milk), BDE-99 in four studies, BDE-153 in three
studiesand BDE-209 in only one (Coakley et al,, 2013).

The strongestcorrelation reported was for technical Penta-BDE mix
componentsBDE-47,-99,and -100 ( > BDE;) between handwipesand
seruminchildrenagedd@onths (Stapletonetal, 2012). Thisfind-
ing indicates proximity between source and receptor to be a key factor
in predicting strength of correlation between internal dose and expo-
sure measurement. Also very strongly correlated were paired BDE-47

in VCBD dust and blood, particularly in American studies and older EU
studies (Frederiksen et al, 2010; Johnson et al, 2010; Whitehead
et al., 2015), indicating the importance of time of study relative to
PBDE use phase out. Similarly strongly correlated were BDE-99 in
VCBD dust and blood (Johnson et al,, 2010; Whitehead et al., 2015),
BDE-47in house dustand milk (Wu et al., 2007), > penta-BDEsin bed-
room dust and blood (Ali et al,, 2014; Watkins et al, 2012) and BDE-153
in mattress dust and serum (Coakley et al., 2013). Significant correla-
tions between BDE-153 in dust and internal dose were also found for
university hostel dust (Ali et al, 2014). These findings indicated that
timespentin proximity to the PBDEsource is a key factor for predicting
associated internal dose. Associations between BDE-153 in children's
handwipes and serum were weaker than their associations for
> BDE; (> BDE-47,-99,-100) (Stapletonet al., 2012), an indicator of
the importance of congener half-life when predicting internal dose.
BDE-153 has the longest PBDE residency time in humans, estimated to
be 14-16 years (Geyeret al,, 2004), leading to body burden proportions
increasing over time in relation to other congeners. Where BDE-209
analysis in blood was successful, concentrations were reported to be
50%of the total PBDE body burden, indicatingstrongon-goingexposure
given its relatively short biological half-life.

Where congeners associated with particular technical mixtures
were significantly correlated with each other in dust the findings were
reported to indicate one or more items containing such technical mix
in the area sampled (Bjorkiund et al., 2012; Frederiksen et al,, 2010).
Coakley et al. (2013) reported strong and significant correlations be-
tween congeners from the same technical product, for Penta-BDE,
Octa-BDEand Deca-BDEtechnical mixes,both within and betweenma-
trices, again suggesting a specific source or sources of the technical
product. BDE-209 was not found to correlate with congenersin other
technical mixturesindicating differentsources or applications.This in-
dication would also fit with data sets where a small percentage of dust
samples had greater 3 penta-BDE concentrations in dust than BDE-
209 concentrations (Frederiksen et al., 2010; Johnson et al, 2010; Wu
et al, 2007).

Thirteen studies investigated house characteristicsand contents as
predictorsof dust or serum PBDE concentrations. Two studies reported
urban home dusts had significantly higher penta-BDE than rural home
dusts (Cequieret al., 2015; Coakley et al,, 2013). Other home character-
istics predicted dust PBDE for only one study each e.g. age of home and
whether home was detached (Cequier et al, 2015), older carpet under-
lay (Coakleyetal., 2013), number of flat screen TVs, numberof TV/gam-
ing consoles, number of DVD/video players, and number of electronics
(Cequier et al,, 2015). Subjects with crumbling or exposed foam in
their homes were found to have higher serum levels of BDE-47 and
-99 than those who did not (Whitehead et al, 2015). Imm et al.
(2009) used a portable X-ray fluorescence (XRF) spectrometerto mea-
sure the bromine contentin household and vehicle items and reported
that Br concentrationsin pillows (r = 0.69,p = 0.005)and vehicleseat
cushions (r = 0.56,p = 0.03) correlatedsignificantly with serum con-
centrations. When the importance of different rooms was considered,
dusts from bedroomsand main living areasindicated the strongestcor-
relations with body burden over office workplaces (Al et al., 2014;
Watkins et al., 2012). This finding highlighted the importance of time
spentin locations with sources when estimatingexposure. Two studies
from the USA estimated the proportional impact of variants on body
burden. The study of toddlers reported that handwipe levels, child's
sex, child'sage,and father'seducationaccountedfor 39%of the variation
inserum Y BDE-47,-99,-100( 3 penta-BDE;) levels,yet 3%%of the var-
iation in serum BDE 153 came from age, handwipe levels, and breast-
feedingduration (Stapletonet al,, 2012). Watkinset al. (2012) reported
that main livingareadustand handwipespredicted 55%o0f the variation
in serum.

The studiesin Germany and Belgium measuring both duplicate diet
and dusts as predictorsof serum PBDEs both reported dietary exposure
to be the greater. Fromme et al. (2007) reported the dietary
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Table2
Total concentrationsof major PBDE congenersin milk, blood, dust and duplicate diet samplesand correlationsbetween them (presented in alphabetical order).
Study, measure of Total number of BDE congener Milk ng/g iw Blood ng/g iw Dust ng/g dw Diet ng/g ww Correlations
external exposure PBDE congeners Median (range) % detect r o
analysed
1. Aliet al. (2014) Serum —8 BDE-47 - 0.9 (b0.5-4) 3 (b0.2-365) - -085 032
electronic store dust Dust — 11 BDE-99 - 0.7 (b0.4-238) 3 (b0.2- 345) - 0.54 b0.01
BDE-153 - 0.8 (b0.2-3.7) 1.2 (b0.2-150) - 0.01 048
Y pentaPBDE - 25(0-11) 10 (1-1150) - 0.15 0.21
BDE-209 - - 155 (b2-51,500) - - -
Clothing store dust BDE-47 - 0.8 (b0.5-3) 1.7 (b0.2-6.5) - 0.07 04
BDE-99 - 0.5(b0.4-1) 2.0 (b0.2-8.8) - -0.16 028
BDE-153 - 0.8 (0.2-2) 0.6 (b0.2-1.5) - 0.26 0.18
Y pentaPBDE - 25(0.5-5) 5(0.8-19) - 0.19 025
BDE-209 - - 45 (b2-195) - - -
University hostel dust BDE-47 - 1.0 (b0.5-11) 22 (1-12.5) - 0.56 0.01
BDE-99 - 0.8 (b04-11) 3.5 (1-23) - 0.48 0.03
BDE-153 - 1.1(04-22) 1(0.5-5) - 043 0.04
Y pentaPBDE - 3(1-25) 7.5(2.5-50) - 064 b0.01
BDE-209 - - 65 (12-205) - - -
2. Bjorklund et al. (2012) Milk —10 BDE-47 0.85(041-12)72 - 15(1.5-47)100 - 0.51 0.029
VCBD Dust — 16 BDE-99 - (b0.16-14)17 - 13 (0.074-68) - - -
100
BDE-153 0.58 (0.26-1.6) - 22(012°-12)95 - 0.037 0.88
100
BDE-209 - - 280 (110-6600) - - -
100
21 m above floor BDE-47 - - 38 (8.5-250) 100 - 0.281 0.109
BDE-99 - - 25(2.3-130)94 - - -
BDE-153 - - 6.0 (0.96-14)100 - 0.322 0.208
BDE-209 - - 520 (190-9300) - - -
100
3. Cequier et al. (2014a, Serum —7 BDE-47 - 049 (bLOD-11) 126 - -023 ns
2015) Dust —9 74 (NLOD-1510)
100
BDE-99 - 0.13 (bLOD-26) 171 - - -
17 (bLOD-2,610) 98
BDE-153 - 0.82 (NLOD-5.1) 26.0(bLOD-254) - -0.18 ns
100 98
BDE-209 - - 325 - - -
(bLOD-204,000)
98
Y ,PBDE - 2.3 (NA-23) 426 (NA-5,125)¢ - -0.33 b0.05
4. Coakley et al. (2013) Milk and dust — 16 BDE-47 2.140 - 242(03-98)97 - 0.39 b0.05
floor dust (0.317-7.710)
100
BDE-99 0.560 - 315(3.3-219.1) - 0.33 ns
(0.0662-1.290) 100
100
BDE-153 0517 - 46(0.3-58.9)88 - 0.15 ns
(0.142-3.820)
100
BDE-209 0.1905 - 598 - 0.37 b0.05
(0.0653-3.140) (28.8-27,394)
97 100
Mattress dust BDE-47 2.140 - 46.3 (6.5-2884) - 0.52 b0.05
(0.317-7.710) 100
100
BDE-99 0.560 - 41.8(8.1-5403) - 0.41 ns
(0.0662-1.290) 100
100
BDE-153 0517 - 6.7 (0.3-58.2)94 - 0.74 b0.005
(0.142-3.820)
100
BDE-209 0.1905 - 1018 - 05 b0.05
(0.0653-3.140) (106 - 21,956)
97 100
5. Frederiksen et al. Serum and dust — 11 BDE-47 - 0.38 16.9 (3.29-962) - 0.52 0.0006
(2009a, 2010), (b0.011-7.88) 100
Vorkamp et al. (2011) 80
VCBD before delivery BDE-99 - 0.1 136 - 0.36 0.1372
(b0.053-18.5) (2.72-1,764)
37 100
BDE-153 - 1.13 248 - 0.1 0462
(b0.013-36.0) (0.547 - 182)
98 100
BDE-209 - 1.7 332 - 0.49 0.062
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Table 2 (continued)
Study, measure of Total number of BDE congener Milk ng/g iw Blood ng/g tw Dust ng/g dw Diet ng/g ww Correlations
external exposure PBDE congeners Median (range) % detest r o
analysed
(b0.66-3.85) 94 (55.7-58,064)
100
After delivery BDE-209 - - 432 - - -
(54.5-79,783)
100
6. Fromme et al. (2009) Serum and diet —17 BDE-47 - 1.81(0.23-6.44) 9.08 (1.71-255) 0.15(0.06-137¢ - ns
Dust — 16 87
BDE-99 - 0.75(0.19-2.18) 125(1.83-390) 0.18",0.25M - ns
77 (0.06-2.17)°
BDE-153 - 237 (0.86-8.19) 269(0.30-41.1) 0.05(002-0.18°% - ns
94
BDE-209 - - 312 - - ns
(29.7 - 1,460)
7. lmm et al. (2009) Serum —24 BDE-47 - 19.11*(-)100 520* (-)100 - - ns
Dust —8 BDE-99 - 4.06%(-)55 614* (-)97 - - ns
BDE-153 - 453*(-) 11 73*(-)84 - - ns
BDE-209 - b0.5*(-)0 1389* (-) 100 - - ns
8. Johnson et al. (2010) Serum — 11 BDE-47 - 17 (bLOD-83) 390 (100-8627) - M, 0.81 0.002
Dust — 31 - 100 100 - F,0.80 0.002
BDE-99 - 2.4 (bLOD-12) 427 - M, 0.89 0.0001
- 75 (79.3-12,967) - F,0.69 0.01
100
BDE-153 - 7.0(1.3-154) 559 (13.2-1352) - M, 0.00F, 1.00N0.95
100 100 0.02
BDE-209 - bLOD (bLOD-6) 1,482 - - -
8 (425-32,366)
100
9. Karisson et al. (2007) Plasmaand dust —13  BDE-47 - 409 259 (126-160) - - -
(b3.38-8.29) 60 100
BDE-99 - b 4.10 (all 576 (23.9-194) - - -
b4.10) 0 100
BDE-153 - 220 4.7 (2.39-7.10) - - -
(b0.988-3.86) 100
60
BDE-209 - 115 158 (43.9-1,560) - - -
(b5.54-17.4)80 100
S PBDE" - - - - +ve -
10. Roosens et al. (2008)  Plasma, diet and dust — BDE-153 - - - - 0.16 0.08
9 Ttri-hepta® - 1.9(09-72) 11.9 (5.3-69.7) 0.01 - ns
(b0.001-0.128)
BDE-209 - - 106 (19.2-588) 0.139 - ns
(b0.04-7.750)
11.Sahlstrom et al. (2014, Serum —12 BDE-47 - 0.56 (b0.05-1.9) 21(6.5-460)96 - - ns
2015) Dust —12 100
BDE-99 - 0078 17 (b0.74-300) - - ns
(b0.049-0.49) 93
46
BDE-153 - 0.95(0.38-7.8) 1.9 (b0.27-77) - - ns
100 41
BDE-209 - 0.68(0.32-9.5) 310 - - ns
100 (143-310,000)
100
12.Stapleton et al. (2012) Serum, dust and BDE-47 - 23.3% 870 (55-24,720) - 0.362 b0.01
handwipes — 11 (b3.0-350) 97 100
BDE-99 - 6.39* 919 (8-36,210) - 0.280 b0.05
(b1.1-225) 99 100
BDE-153 - 5.34% 88 (7-3,407) 100 - 0.195 ns
(b0.5-83.1) 96
BDE-209 - NA* (b6.0-63.8) 2,574 - - -
17 (441-76,130)
100
13. Stasinska et al. Serum —5 BDE-47 - 3.96' 36.85(2.55-391) -
(2013,2014) Dust —33 (b0.92-191)98 100
BDE-99 - 0.88' 56.75(293-372) - Range moderate
(b0.75-244)58 100 0.14-025 NO.O5
BDE-153 - 226" 6.41 (bLOR-59.9) -
(b0.55-65.4)99 100
BDE-209 - - 415 - - -
(bLOR-82,200)
83
14. Toms et al. (2009) Milk —35 BDE-47 4.10(0.6-12) 100 - 56 (24-434)100 - - ns
Dust —22 BDE-99 0.85(02-1.9)100 - 87 (36-862) 100 - - ns
BDE-153 1.20(0.60-1.90) - 74(10-139)100 - - ns

100
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Table 2 (continued)
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Study, measure of Total number of BDE congener Milk ng/g iw Blood ng/g iw Dust ng/g dw Diet ng/g ww Correlations
external exposure PBDE congeners Median (range) % detect r o
analysed
BDE-209 0.50 (0.30-140) - 291 (95-1,585) - - ns
50 100
15. Watkinset al. (2011,  Serum —8 BDE-47 - 1.1* (b0.5-4.4) 697* - 0.22 025
2012) office Dust and handwipes — 80 (37 - 19,500)
37 100
BDE-99 - 25*(b19- 915* -
45.9) 60 (b9.4 - 32,800)
97
BDE-153 - 50" (b0.5-173) 138*(11-5970) -
97 100
Main fiving area BDE-47 - 11*(b05-44) 671" - 042 0.02
80 (b4.3 - 26,100)
97
BDE-99 - 25*(b19- 647* -
45.9) 60 (b9.4 - 43,300)
94
BDE-153 - 50" (b0.5-173) 66* -
97 (b1.3 - 8930) 97
Bedroom BDE-47 - 1.1*(b05-44) 454* - 0.49 0.008
80 (69 - 11,200)
100
BDE-99 - 25*(b19- 696" -
45.9) 60 (119-7,410)
100
BDE-153 - 50" (b0.5-173) 59*(11-963) -
97 100
Vehicle BDE-47 - 1.1*(b05-44) 765* - 0.2 0.41
80 (38 - 19,000)
100
BDE-99 - 25*(b19- 1380 -
45.9) 60 (55 - 25,800)
100
BDE-153 - 50" (b0.5-173) 125* -
97 (6.5-2,230) 100
16. Whitehead et al. Serum —5 BDE-47 - 35(23-110)998 NA - 045 0.001
(2013,2015) Dust —22 BDE-99 - 10 (6.5-25)¢ NA - 0.39 0.006
100
BDE-153 - 89 (50-46)96 NA - 0.1 05
17. Wu et al. (2007) Milk —12 BDE-47 13.9 (2-126.6) - 670 - 0.74 0.006
Dust —9 100 (240-14,610)
100
BDE-99 24(04-843)100 - 1010 - 0.59 0.04
(290-14,800)
100
BDE-153 3.0(04-917)100 - 110 (bLOD-560) - - -
55
Y PBDE? 28.9(3.9-261) - 1,910 (590 - - 0.76 0.003
100 34,400) 100
BDE-209 bLOD - bLOD - i i
(bLOD-10.9) 24 (bLOD-9,600) 45

ns = reportedas notsignificant.

* = geometric mean reported.

NA = notavailable.

@ = ng/kg body weight.

Ttri-heptd = IBDE28,47,99, 100,153,154, and 183

¢ = LoQn2.

4 = 25th-90th percentile.

> sPBDE.

' = estimatedtotal lipids 554 gL".

Y PBDE? = Y BDE -47,-66, -85,-99, - 100,-138, - 153,and - 154.
Y PBDE" = ¥ BDE-28,-47,-100,-99, -154 and -153.

! = insufficient samples.

{tOR = Limitof Reporting.

Entriesin bold indicatea significant correlationwhere p b/ = 0.05.

e

contribution to be 97% of the total exposure and Roosens et al. (2009)
reported dietary contributions of 91% to 96% dependant on whether
high or average dust ingestion rates were used to calculate thecontribu-
tion of dust to the total PBDE exposure. Despite the high proportion of
totalexposurebeing from diet, neitherstudy found correlationbetween
PBDEsin duplicatediet and internal dose. In studiesthat gauged dietary

exposurefrom food frequency questionnaires(FFQ),the most frequent-
ly reported associations with PBDE body burden were consumption of
meat (Cequier et al., 2015; Imm et al., 2009; Sahlstrém et al., 2015;
Wu et al., 2007), dairy products (Cequier et al., 2015; Wu et al.,, 2007)
and fish (Cequieret al., 2015; Imm et al,, 2009; Sahlstrém et al, 2015),
suggesting that a vegan diet would help reduce exposure to PBDEs.
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Fig. 2. Mean serum and breast mitk PBDE concentrationsfor includedstudiesfor the USAand EU. Means are not directlycomparablebetween studies due to differences in methodsand

samplingdates.

A number of demographic and anthropometric factors were
highlighted as PBDE body burden predictors. Where studies were of
women of reproductive age, body burden increased with age (Cequier
et al, 2015; Stasinska et al., 2014). Studies including subjects aged 50
and over, as well as young adults, indicated exposure was higher for
the younger age groups (Ali et al., 2014; Fromme et al, 2009; Imm
et al., 2009). In the Stapleton et al. (2012) study of infants, their body
burdenalso increased with age. Moststudies with both maleand female
subjectsdid not report whether there was a differencein body burdens
betweensexes.Fromme et al. (2009) reported no significant difference
and Stapleton et al. (2012) reported higher body burden in male tod-
dlers. BDE-153 was found to be negatively associated with body mass
index (BMI) (Cequier et al., 2015) and with parity (Stasinska et al,
2014). In the USA, children whose parents had a higher education
level had lower PBDE body burdensexcept for BDE-153. Mothers' edu-
cation level was positively associated with both length of time
breastfeeding and infants' BDE-153 body burden (Stapleton et al,
2012).
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Fig. 3. Mean indoor dust PBDE concentrations for included studies for the USA and EU.
Means are not directly comparable between studies due to differences in methods and
samplingdates.

3.4.Quality of studies

We rated five of the 17 included studies as being of high quality
(Bjorklund et al., 2012; Stapleton et al.,, 2012; Watkins et al., 2012;
Whitehead et al,, 2015; Wu et al, 2007), 11 of moderate quality (Al
et al, 2014; Cequier et al., 2015; Coakley et al., 2013; Frederiksen
et al,, 2010; Fromme et al., 2009; imm et al, 2009; Johnson et al,
2010; Roosens et al., 2009; Sahlstrom et al., 2015; Stasinska et al,
2014; Toms et al, 2009) and one of low quality (Karlsson et al., 2007).
Frequently observed shortcomings were inadequate sample size and
limited demographics of subjects, uncertainties in exposure measure-
ments, non-fasted blood samples, and lack of consideration for
confounders.

4. Discussion

Thissystematicreview aimed to assess the currentinternationalev-
idence of the association between PBDE concentrationsin diet and in-
door environments and diet and human body burden. A total of 17
studies met our inclusion criteriaand reported paired human internal
and external PBDE concentrations. Generalisation of findings from the
individual settings was highly problematic due to the variation across
and betweenstudies. The small number of samplesin each study limit-
ed their statistical power. Nevertheless, both the ubiquitous nature of
the exposure and variation with place and time were clearly apparent.

Concentrationsofthe differentPBDEcongenersin differentmatrices,
and correlations between them, were influenced by three key factors.
Firstly there are regional use patternsand the time of study relative to
the phase-out of PBDE technical products. PBDE body burdens in the
USA are an order of magnitude higher than those within the EU. In re-
gions where use restrictions of Penta- and Octa-BDE commercial prod-
ucts began earlier, and where their use was less widespread (EU), a
different internal congener pattern emerged. Secondly, the human res-
idency period and bioavailability varies greatly between congeners. As
BDE-153 is the congener with the longest human half-life, its internal
dose concentration increases with time relative to other congeners
from the penta-BDEtechnical mix. Thirdly, the proximityand exposure
pathwaysbetween the subjects and PBDE sources also vary. The closer
the PBDE source is to a receptor and the more frequent and intense
their contact is, the stronger their correlation. Exposure pathways
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from soft furnishingsand electronicitems can be ingestion and inhala-
tion of dust, inhalation of vapoursand dermal contact. Ingestionand in-
halation are the most direct routes of exposure and can be expected to
have the strongest effectson body burden. People increase the amount
of PBDE available for uptake by their use of the items, i.e. use of acom-
puter keyboard, getting up and sitting down on soft furnishings and
opening and closing curtains. Close physical contact between the
human receptorand the treated item also providesopportunity for der-
mal contact. Coakley et al. (2013) suggested that the reason for such
strong correlations between mattress dust and serum PBDEs was the
amount of time spent in close proximity. Stapleton et al. (2012)
hypothesised that their finding of very strong correlation between
handwipes and serum for toddlers reflected the increased hand-to-
mouth activity of young children and the high proportion of their
time spent in the area where their dust samples and handwipes
were taken. Bedroom and living room dusts demonstrated stronger
correlations with body burden than (non PBDE related) work envi-
ronments (Ali et al., 2014; Coakley et al., 2013; Watkins et al.,
2012). Women on maternity leave and children, demonstrated
stronger correlations with PBDEs in their home dust. Ali et al.
(2014 )suggested that the reason for the stronger correlation be-
tween dust and body burden in students than in electronic store
workers had to do with the long periods the students spent in their
rooms combined with less frequent cleaning.

The number of foam mattresses in a home, and numbers of flat
screen TVs, the amount of time spent in the proximity of a working/
switched-on TV have all shown associations with PBDE body burdens
(Cequier et al., 2015; Dunn et al,, 2010; Wu et al., 2007). However,
these associations reduce as items containing PBDEs are replaced with
new products containing different fire retardant chemicals. Therefore,
using counts of domestic electronicequipment to determine PBDE ex-
posure in the home may lead to measurement error (Allen et al,
2008). Environments that were cleaned/dusted more frequently also
demonstratedlower correlation with body burden (Ali et al., 2014), in-
dicating that more frequentcleaning may help reduce internal dose. As
well as being a major exposure pathway for young children, hand-to-
mouth behaviour may also be an important pathway for adults who
bite their nails, smoke, or lick their fingers after eating snacks (Cequier
et al., 2015). These are all potential opportunities for PBDE ingestion.
Dermal absorption may be another pathway, so, not surprisingly,
more frequent hand washing was associated with lower PBDE body
burden (Watkinset al,, 2012).

Dietary exposure to PBDEs may come from the food itself through
bioaccumulationin the food chain, or in the case of farmedanimal prod-
ucts, it is likely to be the result of contaminated animal feed. PBDE in
food may also be the result of processingor packaging.Furthermore,de-
position of dustscontainingPBDEs onto food during processingorin the
place of food consumption may also contribute. The two studies mea-
suring PBDEs in seven day duplicate diets did not find significant corre-
lations with body burdens, and this was interpreted as being the result
of low exposure to PBDEs from dietary sources (Fromme et al., 2009;
Roosens et al., 2009). Another problem with duplicate diets is that
foods with significant PBDE concentrationsare collectedand mixed to-
getherwith low or uncontaminatedfoodsand are thereby diluted. Thus
the PBDE concentration in the combined sample may fall below the
LOQ. We argue that perhaps the average weekly duplicate diet was
not a good indicator of non-fasted body burden. Diets analysed may
also have consisted of food from such wide varietiesof sources that pat-
terns of exposure were not identifiable. It may be that strongcongener
correlationsbetween diet and body burden only occur where a specific
contaminatedfoodstuffisaregular/majorpart of thediete.g. fish froma
contaminatedlake (Thomsenetal., 2008). Associationswerealso visible
between frequencyofconsumptionoffoodstuff with higherfatcontent
such as dairy, meat and PBDE body burden (Cequier &t al,, 2015;
Thomsen et al., 2010; Wu et al.,, 2007). In regions where penta-BDE
use has been restrictedfor longer, penta- and octa-BDEsin body burden

are hypothesisedto result from diet and the higher brominated conge-
ners from dust exposure (Sahistrém et al, 2015).

The findings for the Penta-BDE technical mix congeners, BDE-153
and Deca-BDE technical mix/BDE-209 are sufficiently different to war-
rant separate summariesfor each. Octa-BDE technical mix was primar-
ily used in ABS plastics, often found in business equipment (e.g. fax
machinesand photocopiers).The includedstudiesdid not generallydis-
cussfindingsin relationto the Octa-mixasit was used less widely in do-
mestic products and therefore home exposure would be limited.
Starting with Penta-BDE technical mix (major components BDEs-
47N-99N-100N-153), there isstrong evidence for dust as an exposure
pathway.The Penta-mix,used with polyurethanefoam (PUF)and elec-
tronicscircuit boards (Betts, 2006, Hazratiand Harrad, 2008), has been
used much more in North Americathan the rest of the world and thisis
reflected in the higher concentrationsin home dust and body burdens.
The human half-lives for the dominant penta-BDE components, i.e.
BDEs-47,-99 and -100 (penta-BDE;), were estimated to be short (ap-
proximately 1-3 years) in comparison to that of BDE-153 (a hexa-
BDE) (approximately 12 years or more) (Geyer et al., 2004). Strongly
significant correlationsbetween ¥ penta-BDE; in dusts and body bur-
den were seen in several studies. Intra-congenercorrelationsindicated
an ongoing source or sources of the technical mix.

Despite being presentin the same technical PBDE mix, fewersignif-
icant correlations were reported for BDE-153 (Ali et al.,, 2014, Coakley
et al, 2013). BDE-153 appears to be stored in human adipose tissue
more effectively than other congeners, resulting in a longer human
half-life. The influence of historic BDE-153 exposures on the internal
dose makesthe BDE-153 dose much higher than the present dust expo-
sure would suggest. Johnson et al. {2010) reported strong correlation
betweencohabitingmalesand femalesexceptfor BDE-153.BMl appears
to be negatively correlated with BDE-153 suggesting that storage of
BDE-153in fatcompartmentsresultsin dilution in persons with excess
adipose tissue (Cequieret al, 2015; Fraser et al., 2009). Weight loss is
suggested to increase chemical concentrations in fat tissues (Chevrier
et al., 2000; Pelletier et al,, 2003). The concentrated BDE-153 present
in adipose fat compartmentsfrom historic exposurescan be mobilised
during weight loss. In a study of the milk of 83 women at three and
12 months postpartum, BDE-153 showed a significant increase over
time (Daniels et al,, 2010). A positive association was seen between
length of breastfeeding time and toddlers serum concentrations of
BDE-153, which was not seen for other PBDE congeners (Stapleton
etal, 2012).

In regions where BDE-209 has been used in substantial quantities,
thereis no doubt of its ubiquity in dust, usually at much higher concen-
trationsthan other PBDEs. Thisis the result ofits greater productionvol-
umes and usage. The particularly short residency time of BDE-209, low
human bioaccessibility (Abdallahet al., 2012, Fang and Stapleton,2014)
and later use restrictions (if any) explain the differencesin findings for
BDE-209 from those of the Penta-BDE technical mix congeners. BDE-
209 wascommonly used for textilecoatingsand in electronicshousings,
connectors,plugsand switches. Wheresuccessfullymeasuredin human
milk, the proportion of BDE-209 of the total PBDE concentrationvaried
from half the total PBDE body burden most recently (Coakley et al.,
2013), to much smaller contributions (3.5% and b7% respectively in
older studies (Toms et al., 2009; Wu et al,, 2007). Although not mea-
sured in diet samples for studies included here, BDE-209 has been suc-
cessfully measured in many foodstuffs (Fernandesetal., 2012). None of
the included studies reporting BDE-209 data for both internal dose and
dust found significant associationbetweenthem.This lack of correlation
may simply be the result of only recentadvancesin laboratory capacity
for accurate measurement of BDE-209. BDE-209 is ubiquitous in most
environmentsat high concentrationscompared with other BDEs. Dur-
ing measurement, BDE-209 adsorbs to a much greater extent than
other PBDEs, and is sometimes not recorded. Use of a '°C labelled
BDE-209 internal standard allows considerably greater reliability of
determination.
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So which BDE congener can be expected to be the most toxic to
humans? The US-EPA (2010) developed reference dose values (RfD)
(estimatesof daily oral dose, fora lifetime, likely to be withoutapprecia-
ble risk of deleteriouseffect) for key PBDE congeners.BDEs-47 and -99
were considered the most potent, both with RfDs of 0.1 ug/kg/day, then
BDE-153 at 0.2 upg/kg/day and BDE-209 considerably less so at
7.0 yg/kg/day.EFSA (2011) used a margin of exposure (MoE) approach
(theratio betweenthe safe dose and the estimate of exposurefora pop-
ulation).They concluded that, in Europe,BDE-47,-153 and -209 did not
raise health concerns,but that the MoE for BDE-99in children1-3years
old was estimated to be below the acceptable MoE of 2.5.

The answer to the question of whetherindoor dust exposureor diet
is the primary pathway for non-occupationalhuman exposure to PBDE
is time- and site-specific. For penta- and octa-BDEs, dietary exposure
appears to be similar in both the USA and mainland Europe, so the
higher body burdens measured in the USA must be attributable to the
higher dust loadings (Frederiksen et al.,, 2009b). In the two included
European studies measuring both dust and dietary exposure, diet was
reported to provide over 90% of body burden, despite low dietary
PBDE concentrations (Fromme et al, 2009; Roosens et al, 2009).
When PBDEsourcesin the homeand workplaceare phased out, the pro-
portion of body burden from dietary exposure can be expected to in-
crease for the PBDEs with longer biological half-lives that are found in
the food chain, but not for BDE-209.

4.1.Strengthsand limitationsof included studies

Only onestudy included their study design (crosssectionaland con-
venience) (Watkins et al,, 2012). A general shortcoming was that all
studies were from single countries, so differences between regulatory
regions were not explored. Extrapolation of participant bio-data to
wider populations may be limited given the homogeneous nature of
several participant groups. Most of the studies were for a single time
point which could be misleading. However, where dust sampling was
repeated, the congener proportions were generally found to be similar
although loading could change (Frederiksen et al,, 2010). The high
costs of PBDEanalysis, recruitment of study subjectsand sample collec-
tion may be the reason that many studies are conducted with limited
sample numbers.

With higher lipid contentthan blood, milk samplesare a more accu-
rate representationof body burden, although clearly the popuilation for
which this observationis possibleis limited.Blood haslow lipid content,
typically e.g. 0.3% to 0.9% (Bramwell et al,, 2014), and as PBDEs are
stored in blood lipid, analytical laboratoryaccuracy improves with sam-
ple volume. Studies on POPs in human blood generally recommend that
fastedsamplesare taken in order to avoid the influence of recently con-
sumed foods that may give rises to temporary changes in blood levels
(Fierens et al., 2003; Nakamoto et al,, 2013). However, only one study
reported collecting a fasted blood sample (Ali et al., 2014). Internal
dose resultsare usually normalisedon a lipid basisaccordingto conven-
tion although there is some debate as to whether or not differentPBDE
congeners in serum are strongly correlated with lipid content (Hakk
et al., 2002; Verreault et al., 2007). Most included studies measured
lipid in their samplesin order to lipid normalise their blood PBDE con-
centrations,although one did not (Stasinska et al,, 2014). The accuracy
of blood lipid measurementcan also be a large source of meastrement
uncertainty,asserum lipidsare commonly determinedby clinical enzy-
matic methodsand approachesto calculate the total lipid content vary
between laboratories.

A strength for a number of included studies was that they collected
dust samples from a specified floor area and some for a specified time,
depending on floor cover, making their results comparable (Ali et al.,
2014, Coakleyetal.,, 2013; Roosenset al,, 2009). This techniquealso ap-
peared to give stronger correlations. The study by Coakley et al. (2013)
stood out for having so many significant correlationsfor componentsof
the penta-, octa-, and deca-BDE formulations. Twenty-nine significant

correlations(bothinterand intracongener)werereportedbetweenliv-
ing room floor dust and milk and 35 between mattress dust and milk.
The strongest of these were correlations between mattress dust and
milk. These findings highlighted the complexity of inter congener and
inter matrix relationships.Correlationsbetween body burden and mat-
tress dust seem plausible given the amount of time spentin close prox-
imity. Correlation between home or office characteristicsor contentsis
limited (Allen et al., 2008) and will become more so as the products
containingPBDEs are replaced.

Collection of dietary information is particularly challenging. Study
participantsmay alter their diet when being observed. When duplicate
dietsare collected by the participant, food items consumed may not al-
ways be replicated in the collection vessel. Another issue with duplicate
dietsis that they reflect only abriefwindow of time, whereasPOPssuch
asPBDEs, long term dietary habitsare also likely to be reflected by body
burden. The proportion of influence from short, median and long term
dietary exposure is complex including factors such as fasted state and
current loss or gain of body fat. FFQs are one method of assessing
long-term dietary exposure, however they rely on the participant's
memory and estimationof portionsizes (if included).Studies using val-
idated or standard FFQs have found they may not besufficiently detailed
to identify specific PBDE sources (Dunn et al., 2010). Food recall (FR)
questionnaires,;such as 24 hour FR, provide greateraccuracy.New tech-
nology may lead to more accurate dietary assessment. Computer pro-
grams and smart phone applications are now able to identify foods
andapproximateweightsfrom photographsandaliow lessburdensome
multiple-pass24-hour recall e.g. Intake24 (Foster et al., 2014).

Although all but two studies reported BDE-209 concentrations in
dust samples (Watkins et al., 2012; Whitehead et al,, 2013), only eight
of the studies were able to report measurements of BDE-209 in either
blood or breast milk. Furthermore, only four studies reported results
of correlationanalysis for BDE-209.Recoveriesof BDE-209 are reported
to be considerably higher from dust than serum (Van den Eede et al.,
2012; Xieetal, 2010). Sample lipid content has been suggested to neg-
atively influence the recovery of the more highly brominated haloge-
nated flame retardants having high K,y (N9.4) (Cequier et al., 2014b).
As such, internal standards with similar K,,, (i.e. similar recovery) are
necessary to prevent underestimation of results, even with weli
optimised extraction procedures. '°C BDE-209 standard recoveries
were rarely reported in the included studies: 13-3%% (Karisson et al,
2007) and mean 64% (Szahistrom et al, 2014). Frederiksen et al.
(2008a)reported the recovery to be low and leading to large uncertain-
ty. Analytical difficulties and measurement uncertainties for BDE-209
were clearly acommon limitation.

Only a few studies reported all correlations for all congeners mea-
sured. Many presentedonlyafew in the text or stated that nosignificant
correlationswere found. If all correlationshad been presented,a meta-
analysis may have been feasible.

Using the adapted HONEESscheme, only one study was found to be
of low quality (Karlssonet al,, 2007). The study design and participants
were not described, there were only five participants, and laboratory
quality control measures did not include standard reference materials
(SRMs) or inter-laboratory studies. This was, however, the earliest of
the included studies.

4.2.Confounders

Exposure concentrations varied widely between the USA and the
rest of the world, and between California and the rest of the USA.
There were also differences between urban and rural regions. A country
or state's flame retardant regulations affect volumes of use, therefore dif-
ferences in dates of phase out are limitations for inter-study comparisons.
The introduction of multiple replacement flame retardant chemicals for
PBDE is a confounder for using numbers of flame retardant containing
items in the home as a predictor of dust and serum PBDE loading. Studies
with longer time lapse between coliection of internal dose and exposure
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samples (or vice versa) could find confounders being introduced if some
everyday exposures had changed. Diet varies between seasons, regions
and countries resulting in limitations for inter-study comparison; e.g.
populations with high proportions of fish in their diet reflect this in
their internal PBDE exposure patterns (Sahistrom et al, 2015).

Age of participants also influences body burden. Exposures in in-
fancy (and therefore internal dose) appear to be greater than those
for adults. Initially sharing the mother's adult internal dose in utero,
during breast feeding the primary exposure pathway is diet, changing
to a greater dust exposure which decreases as hand to mouth behav-
iours reduce (Fose et al,, 2010). The 2003-4 A neri @ n‘National Health
and Nutrition ExaminationSurvey NHANES cohort (n = 1892) found
younger adults had higher PBDE levels than the other adult age groups
in the study (Fraser et al., 2009). There is evidence that BMI may im-
pact on PBDE body burden, particularly for BDE-153. Fraser et al.
(2009) reported that PBDEs tended to increase with decreasing BMI
for the NHANES study with highest concentrations measured in the
underweight, although this remained significant for only BDE-153
after adjustment for covariates age and race/ethnicity. Although
Fromme et al. (2009) (n = 61) found no significant differencesin in-
ternal dose between male and female adults, Stapleton et al. (2012)
found male toddlers to have higher body burdens than females and
body burdens were found to be highest among males for the
NHANES 2003-4 cohort (Fraser et al., 2009). Depuration of PBDEs in
women from pregnancy and lactation period could be a contributing
factor in adults (particularly for BDE-153), but for toddlers, differences
in activity or other reason/s must have a role. Consistency of postpar-
tum timing of milk collection, time of day, hind milk or foremilk, or
complete expression on milk PBDE concentrationscould help provide
clearer evidence of the depuration effects of lactation (Daniels et al,,
2010; Dunn et al, 2010). However, differences in pre-maternity BM|,
maternal weight gain, exercise and weight loss will still limit the
findings.

Where single time point samples are taken, timing of internal and
external exposure measurements may resuit in confounders. Unusual
dietary or dust exposure may be reflected in blood or milk which may
not be evident in dust or diet samples from regular external exposure
samplesor questionnaire.Taking a fasted sample should reduce impact
of immediateexposuresalthough it is not ethical/ advisable to request
for milk samples or children'sblood samples.

Lower income and educational attainment, are indicated as predic-
tors of raised BDE-47 in the USA (Fraser et al., 2009; Rose et al., 2010;
Stapletonetal, 2012). This might be the result of differentbuilding ma-
terials and furniture quality. However, on further investigation, house
dust concentrationsand condition of foam furniture did not explain dis-
parity of serum penta-BDEs by income (Whitehead et al., 2015; Zota
etal, 2008).

Where samplesof only dust or only diet were measured, the lack of
data on other PBDE sources was reported as a limitation (Stapleton
et al, 2012). However, Wu &t al. (2007) reported that dust and diet
were independent predictors of PBDE body burden. Future studies are
encouraged to consider these, and other, factors as possible con-
founders, as studies included in this review did not have sufficient sta-
tistical power to rule them out.

4.3. Strengthsand limitationsof the review

Totheauthors'knowledge, t hfistsé¢hiew of correlationsbe-
tweenexternalexposureand human internal dose of PBDEs. An impor-
tant strength of this study is the adherence to standard systematic
review methods. We used validated systematic review methods, ex-
haustive search techniques, specified inclusion criteria and used the
PRISMA checklist to guide reporting essential information from the in-
cluded studies. A review of current evidenceis now timely assufficient
studies have been reportedsince Karlsson et al. (2007) published their

first peer reviewed investigation into correlations between internal
and external PBDE.

A major limitation of this review was one person dataextractionfor
the most part. There were several methodological limitations. The ex-
clusion of non-English publicationsmeansthat potentiallyrelevantarti-
cles may have been missed. The exclusion of non-peerreviewedstudies
excluded an early study of matched milk and dust (Sharp and Lunder,
2004) available only via internet. We did not attempt to search for
‘grey literature’ which may contain smaller nuli-result studies that
were not accepted for publication. Lastly, the resultsare limited by the
conduct and reporting of the studies from which the data were
extracted.

5.Recommendationsand conclusions

QOur review ascertained that the question of whether dust or diet is
the primary human exposure to PBDE may not be possible to answer.
To adequately respond to the question would requireconcurrentinter-
national longitudinal investigations, with sufficient statistical power to
address the confounders mentioned in Section 4, using consistent
methods for sample collection, analytical and statistical analysis and
reporting. Different PBDE usage and exposure regions such as North
America, mainland EU, the Indian subcontinentand Australasiaas well
as regions not represented in this review, particularly electronics
recycling areas, and historically heavy users such as the UK and Japan
should be included.

Technical developments of faster, cheaper extraction of PBDE
from biological samples would allow studies to include more sub-
jects. The use of handwipes as a representation of external non-
dietary exposure looks promising and should be explored further.
As PBDEs, in many instances, have already been replaced by alterna-
tive halogenated or organophosphate flame retardants, these should
be included where possible in future monitoring. Inclusion of mea-
surements for BDE-209 for all matrices is essential. Reporting using
STROBE guidelines would assist inter-study comparability. A consid-
erable body of new research has been undertaken since the 2009 re-
view of human internal and external PBDE exposures (Frederiksen
et al., 2009b). An update of this review, including PBDE replacement
chemicals may be able to show effects of restrictions on PBDE by re-
placement of other chemicals.

Qur review concluded that there were three key factors influenc-
ing the correlation between external and internal PBDE exposure,
and three distinct congener behaviours were apparent. Time of
study relative to phase-out of PBDE technical products for the coun-
try of study, half-life of individual congeners in the human body, and
time spent in the location of the source and proximity between PBDE
source and study subject were all key factors. Penta-BDE; (BDEs-47,
-99 and -100), BDE-153 and BDE-209 had distinct exposure patterns.
Although penta-BDE; and BDE-153 are found in the same technical
mix, penta-BDE; had much stronger internal - external correlations.
The longer human half-life of BDE-153 resulted in an increased pro-
portion of total PBDE body burden which also reflected historic ex-
posures. BDE-209 required a current exposure source to create a
significant internal correlation. Because PBDE loading in dust isinflu-
enced by discrete sources of PBDE technical mix within the indoor
environment, correlations with internal dose were more likely to
be detected. Dietary PBDE loading may be from more diffuse sources
and dietary exposure is less consistent, so correlation with internal
dose is less likely.
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Associations between human external and internal exposure to polybrominated diphenyl ether)
flame retardants: A systematic review

Supplementary information
1) Search Strategy and Terms

The study will be conducted according to the PRISMA statement.

Data sources: Four electronic databases (Pubmed, EMBASE, Web of Science, Scopus) searched with the
assistance of I.LH.S. Information Specialist.

PBDE=polybrominated diphenyl ethers
Search terms:

EMBASE 1974 to 2015 week 4
PBDE exposure in humans, full text, English language;

1.(Sbde OR pbde OR pbdes OR (polybrominated and ('diphenyl’ de OR diphenyl) and (‘ethers’ de OR ethers)))
AND

2.{serum$ OR plasma$ OR blood$ or milk$ OR internal OR ‘body burden’s OR exposure$S) AND

3. (diet$ OR food$ OR dust$ OR air$ OR indoor$ OR environment$ OR exposure$ OR factor$ OR lifestyle$ OR
source$ OR behav$) AND

4, {(match$ OR pair$ OR relation$ OR association$ OR evidence$ OR predict$) AND

($bde OR pbde OR pbdes OR (polybrominated and ('dipheny!' de OR diphenyl) and (‘ethers' de
OR ethers))) AND (serum$ OR plasma$ OR blood$ or milk$ OR internal OR body burden$ OR
exposure$) AND (diet$ OR food$ OR dust$ OR air$ OR indoor$ OR environment$ OR
exposure$ OR factor$ OR lifestyle$ OR source$ OR behav$) AND (match$ OR pair$ OR
relation$ OR association$ OR evidence$ OR predict$).ti,ab

Searched for in titles, keywords and abstracts

Additional searching:
Reference list review
Any article deemed suitable by reviewers is included for closer examination.

Inclusion/exclusion criteria

Inclusion criteria:

Studies were included if they were published in a peer-reviewed journal, written in English and reported
investigation of correlation between paired human internal (blood and milk only) and external (dust and diet
only) PBDE concentrations.

Papers were excluded in internal and external measurements were not paired, or if the external measurement
investigated was purely occupational, from a hobby or a specific type of food.
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2) PRISMA Checklist of items for inclusion when reporting a systematic review or meta-analysis

Section/topic n Checklist item Reported on page #

TITLE

Title 1 | identify the report as a systematic review, meta-analysis, or both. 1
ABSTRACT
Structured summary 2 | Provide a structured summary including, as applicable: background; objectives; data sources; 2

study eligibility criteria, participants, and interventions; study appraisal and synthesis methods;
results; limitations; conclusions and implications of key findings; systematic review registration

number.
INTRODUCTION
Rationale 3 | Describe the rationale for the review in the context of what is already known. 3
Objectives 4 | Provide an explicit statement of questions being addressed with reference to participants, 4

interventions, comparisons, outcomes, and study design (PICOS).

METHODS I

Protocol and registration 5 | Indicate if a review protocol exists, if and where it can be accessed (e.g., Web address), and, if n/a
available, provide registration information including registration number.

Eligibility criteria 6 | Specify study characteristics (e.g., PICOS, length of follow-up) and report characteristics (e.g., 4
years considered, language, publication status) used as criteria for eligibility, giving rationale.

Information sources 7 | Describe all information sources (e.g., databases with dates of coverage, contact with study 4
authors to identify additional studies) in the search and date last searched.
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Section/topic m Checklist item Reported on page #

Search 8 | Present full electronic search strategy for at least one database, including any limits used, such Si1
that it could be repeated.

Study selection 9 | State the process for selecting studies (i.e., screening, eligibility, included in systematic review, 4
and, if applicable, included in the meta-analysis).

Data collection process 10 | Describe method of data extraction from reports (e.g., piloted forms, independently, in 4-5
duplicate) and any processes for obtaining and confirming data from investigators.

Data items 11 | List and define all variables for which data were sought (e.g., PICOS, funding sources) and any Tables 1 & 2
assumptions and simplifications made.

Risk of bias in individual 12 | Describe methods used for assessing risk of bias of individual studies (including specification of n/a

studies whether this was done at the study or cutcome level), and how this information is to be used in
any data synthesis.

Summary measures 13 | State the principal summary measures (e.g., risk ratio, difference in means). n/a

Synthesis of results 14 | Describe the methods of handling data and combining results of studies, if done, including n/a
measures of consistency {e.g., I°) for each meta-analysis.

Risk of bias across studies 15 | Specify any assessment of risk of bias that may affect the cumulative evidence (e.g., publication | n/a
bias, selective reporting within studies).

Additional analyses 16 | Describe methods of additional analyses (e.g., sensitivity or subgroup analyses, meta- n/a
regression), if done, indicating which were pre-specified.

RESULTS

Study selection 17 | Give numbers of studies screened, assessed for eligibility, and included in the review, with Figure 1
reasons for exclusions at each stage, ideally with a flow diagram.

Study characteristics 18 | For each study, present characteristics for which data were extracted (e.g., study size, PICOS, Tables 1 & 2
follow-up period) and provide the citations.
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Section/topic n Checklist item

Reported on page #

regression [see ltem 16]).

Risk of bias within studies 19 | Present data on risk of bias of each study and, if available, any outcome-level assessment (see n/a
Item 12).

Results of individual studies 20 | For all outcomes considered (benefits or harms), present, for each study: (a) simple summary n/a
data for each intervention group and (b) effect estimates and confidence intervals, ideally with a
forest plot.

Synthesis of results 21 | Present results of each meta-analysis done, including confidence intervals and measures of n/a
consistency.

Risk of bias across studies 22 | Present results of any assessment of risk of bias across studies (see item 15). n/a

Additional analysis 23 | Give results of additional analyses, if done (e.g., sensitivity or subgroup analyses, meta- n/a

Funding

for future research.

Describe sources of funding for the systematic review and other support (e.g., supply of data);
role of funders for the systematic review.

DISCUSSION
Summary of evidence 24 | Summarize the main findings including the strength of evidence for each main outcome; 12
consider their relevance to key groups (e.g., health care providers, users, and policy makers).
Limitations 25 | Discuss limitations at study and outcome level (e.g., risk of bias), and at review level (e.g., 17&21
incomplete retrieval of identified research, reporting bias).
Conclusions 26 | Provide a general interpretation of the results in the context of other evidence, and implications | 21
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